Abstract: A miniature 3D printed membrane-based gas microflow regulator which delivers gaseous media to on-chip cell cultures is presented in this paper. The device uses a polydimethylosiloxane (PDMS) membrane to act as a diffusion barrier and maintain gas flow at the desired rate. The regulator was characterized, and repeatable flow values for different membrane thicknesses and gas types in the function of pressure were obtained. As a result, a long-term on-chip culture of Euglena gracilis was achieved, this was due to constant and stable carbon dioxide release from the regulator (flow rate: 0.3 µL/min).
Introduction
Precise control of flow rates and gaseous media volumes in microfluidic devices is a crucial issue in a variety of bio-based applications. Such regulation is especially important in the field of cell culturing, where high precision-flows of less than a few microliters per minute-has to be achieved [1] [2] [3] . For this purpose, mechanical micropumps, flow restriction reducers, or valves are often utilized [4] [5] [6] [7] [8] . However, such commercially available solutions are often not very portable and are also considered to be relatively expensive. Aside from the use of ready-to-use devices, a discernable tendency to fabricate self-contained microfluidic systems has recently appeared in the literature [9] [10] [11] . In these cases, in order to appropriately adjust and direct the average flow, the structures are usually equipped with embedded valves, separation microchannels, and/or diffusion barriers [12] [13] [14] [15] [16] . Ozasa et al. describe a simple polydimethylosiloxane (PDMS) lab-on-a-chip, in which the chemotaxis of microorganisms was investigated according to a selective supply of different gaseous media through the semi-permeable PDMS microchannels [17] . Cook et al. also propose a high-density cell culture system based on PDMS membranes, but enriched with parylene coatings, which protect the culture from the undesired leaching of uncured PDMS oligomers [18] . A novel approach to obtain a self-contained cell culturing microfluidic system was presented in reference [19] . The authors describe a hydrogel, the operation of which was greatly improved by the insertion of microgrooves and microchannels on its surface. Such a solution may significantly inhibit excessive rigidity of the hydrogel, decreasing rehydration of the 3D cell cultures on-chip.
It may be contended that in the literature there are plenty of self-contained microfluidic systems dedicated to cell culturing, whose performance has been thoroughly investigated and then successfully applied. Nevertheless, the main drawbacks of the aforementioned solutions are the complexity of the technology and their limited use. For this reason, and a change in the experimental demands, a new chip design has to be proposed.
On the basis of the advantages and shortcomings of the current solutions, in this work a small-scale, handheld, and easily configurable 3D printed membrane-based gas microflow regulator is proposed. The device may be applied to deliver gaseous media to polymer microfluidic systems, such as PDMS or glass lab-on-a-chips, as shown in this work. It is suitable to generate bubbles in the liquid medium, which, once nourished, are directed to the cell cultures-on-chip. The regulator controls the specified flow rate of the medium, before it is delivered to the lab-on-a-chip. The microfluidic system does not require improvements in its structure, since the flow adjustment is provided at the level of the regulator.
In this work, the device was used to deliver gaseous media to the microchannels of the all-glass lab-on-a-chip to achieve a long-term culture of Euglena gracilis.
The working principle of the regulator is based on the well-known phenomenon of gas permeation in thin membranes of silicon elastomers, i.e., PDMS [20, 21] . The authors investigated PDMS in a recently published article [22] , concerning a lab-on-a-chip bioreactor for the biochemical energy cascade of microorganisms. The knowledge acquired during the aforementioned study enabled us to propose a novel construction for the regulator, utilizing interesting features of PDMS, i.e., permeability. The permeability value (P), in most of the applications, can be defined by the Formula (1) [23] [24] [25] .
where:
v is the volume of gas penetrating the membrane, δ is the membrane thickness, A is the surface area of the membrane, t is the time, p 1 is the input pressure, p 0 is the output pressure.
On the basis of the given Equation (1), the flow value may be derived (2), which, basically, depends solely on the pressure difference and parameters of the membrane, including its material type.
In our concept, the gaseous medium under pressure p 1 permeates through the membrane and reaches the lab-on-a-chip under pressure p 0 , being approximately equal to the atmospheric pressure ( Figure 1 ). The flow rate-for the fixed construction of the regulator-changes linearly with the pressure, the membrane surface, and its permeability, and is inversely proportional to the membrane thickness. 
Materials and Methods

Design and Fabrication of the Regulator
Polydimethylosiloxane (PDMS) membranes were formed by molding. Liquid PDMS, (Sylgard 184, Dow Corning, Midland, MI, USA) mixed with its curing agent at a ratio of 10:1 (w/w) and degassed, was poured into an ink-jet 3D printed matrix (printer model: Projet 3510, 3D Systems, Rock Hill, SC, USA, photo-curable material: Visijet M3 Crystal) with defined cavities. The polymerization process was enhanced by heating the mold for 1 h at 70 • C. As a result, 200, 300, and 400 ± 5 µm thick membranes, measured precisely by caliper (Mitutoyo, Japonia), were fabricated and tested.
Other functional elements of the regulator were also obtained utilizing ink-jet 3D printing techniques; rapid prototyping, simplicity of fabrication, and an increasing resolution are driving the growing popularity of its use in the bio-scientific fields [26, 27] . The device contains: bottom part, pressing ring, aforementioned PDMS membrane, sieve, O-ring seal (not printed), top part, and microfluidic connector that joins the regulator with the lab-on-a-chip. The membrane is attached to the sieve by the pressing ring on the top part. The surface of the sieve is structured to properly stiffen the membrane and hold it in place. It is also perforated to enable the gaseous medium flow from the diaphragm. Because of this, the active surface of the membrane is minimized and is 12.5 mm 2 . The role of the sieve is important, since it prevents the membrane from any possible breakage during high-pressure measurements. It acts as a reinforcement and protects from any undesired membrane bulge and shape change. If the sieve is not utilized, the gas transport through the membrane is unstable and unrepeatable. The regulator is assembled using a threaded connection between the bottom and top part. Its outer dimensions are 35 mm × 24 mm (Figure 2 ). During the operation, the gaseous medium from the pneumatic line reaches the bottom part of the device and comes across the diffusion barrier (PDMS membrane). Depending on the membrane thickness, the flow rate is regulated and then directed to the lab-chip platform containing the cell culture through the microfluidic connector on the top part.
Flow Measurements and Microbial Culture-On-Chip Setups
Gas sources of carbon dioxide (99.9%), nitrogen (99.99%), and air (99.99%) (Air Products, Warsaw, Poland) were delivered to the regulator through the pneumatic line equipped with a valve (Bibus Menos, Gdańsk, Poland) and precise reducer (Shimadzu, Kyoto, Japan). The flow value was indicated using a bubble detection method. The quantity of bubbles per time unit and their volume was detected at the regulator output using a digital microscope with CCD sensor (model: 23713, Bresser, Rhede, Germany). On the basis of the recorded image sequence, the flow was defined. The view of the measurement setup is presented in the Figure 3 . A macroscale culture of E. gracilis was purchased (Blades Biological Ltd., Edenbridge, UK) and maintained according to the guidelines (Blades Biological Ltd., Protozoa and algae culture instructions). The microorganisms were investigated in the glass lab-on-a-chip, the technology, structure, and properties of which are described elsewhere in detail [28] . An image of the E. gracilis culture was captured using an optical microscope (model: NJF-120A, Delta Optical, Mińsk Mazowiecki, Poland) with an integrated CCD camera and processed utilizing dedicated real-time tracking software [29, 30] . In order to properly connect the regulator with the lab-on-a-chip, it was placed in a 3D printed holder.
The view of the lab-on-a-chip platform with the regulator is shown in the Figure 4 . 
Results and Discussion
Flow Characteristics of the Regulator
Flow charts of the regulator were devised for three PDMS membrane thicknesses (200, 300, 400 ± 5 µm) and three types of gases (air, CO 2 , N 2 ), concerning increases and decreases in the operational pressure (Figures 5 and 6 ). The measurements were repeated three times for each set.
The attached graphs represent the mean value from every configuration. In order to check the gas flow repeatability, the standard deviation within the particular measurement group is indicated. Its value ranges from 2.6% to 7.2% in the case of CO 2 flow, 2.8-5.4% for N 2 , and 3.7-6% for air flow, according to the different membrane thicknesses. The statistical analysis showed that the flow changes parabolically with applied pressure, also depending on the membrane thickness. Diversities in the flow rate were also noticed depending on the type of gas. The shape of the characteristics (approximately parabolic) is consistent with the data found in the literature [31] [32] [33] . Obtained curves are, amongst other things, associated with an increasing solubility of gases as the pressure value increases. This phenomenon causes the growth of gas concentration, which slightly plasticizes the polymer bulk and increases permeability [31] . It is especially noticeable for organic penetrants, like CO 2, and less for sorbing gases, such as N 2 and O 2 . It justifies the characteristics presented in the Figure 4d , in which the flow value of CO 2 increases the fastest with applied pressure. Another factor that points to a higher permeability is the molecule size; the flow value of CO 2 in this case is the highest [33] . According to the formula (1) shown in the first section of the article, the flow ought to change linearly depending on the membrane thickness. In our case, the results depart from the linearity by circa 25%. The reason why such diversities were observed may be related to the preparation and polymerization of the membranes. The membranes were obtained by manual mixing of the prepolymer. In this way, the crosslinking network of each membrane could have had some irregularities, i.e., smaller or greater pores that influenced the flow characteristics. The measurements also revealed that the regulator exhibited pneumatic hysteresis ( Figure 6 ). This phenomenon may be related to the gathering of gas particles in the polymer bulk and their gradual release. This could be reduced or even avoided by waiting a short time for stabilization after changing the parameters of the pressure.
Application of the Regulator for Culturing of E. Gracilis
On the basis of the flow characteristics, the regulator was used to deliver carbon dioxide to the lab-on-a-chip containing E. gracilis. The authors decided to culture this species because E. gracilis is an interesting model microorganism [34] . It has recently been widely investigated in the field of microfluidics as a result of, amongst other things, the ease of obtaining it from the environment, as well as its high sensitivity to different external factors [17, 35] . The mentioned sensitivity of E. gracilis may provide vital information on, for instance, the toxicology of freshwater environments, as indicated in [36] .
In this study, the photosynthetic growth of these microorganisms was investigated in a two-week period with CO 2 flow rate equal to 0.3 µL/min (the regulator with 400 µm thick PDMS membrane, pressure equal to 0.1 bar, was applied, Figure 7 ). The construction of the regulator-tight with no gas leakage-provided an equal and stable flow rate during the measurements. As a result, a notable population growth of E. gracilis was observed through optical detection methods. Both the qualitative and quantitative analysis of the culture was conducted using real-time tracking software (Figure 8 ). The on-chip cell culture increased five times from beginning to end (Figure 9 ). Such a result indicates appropriate culturing conditions in the lab-on-a-chip chamber, enhanced by the CO 2 microflow from the regulator. 
Conclusions
In this paper, a 3D printed membrane-based gas microflow regulator is presented. The flow characteristics of the device for different PDMS membrane thicknesses, pressure values, and gas types were obtained. The application of the regulator for the maintenance of the on-chip cell culture is shown. The device was successfully utilized for a two-week culture of E. gracilis, using a precise and repeatable dosage of carbon dioxide to the lab-on-a-chip. The results of the experiments show that it is possible to regulate the gas flow at a desired rate and utilize the permeability of PDMS and 3D printing techniques to create a new tool for the rapid development of microfluidic structures.
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